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Abstract
Introduction. Artificial materials used in regenerative medicine induce a balanced inflammatory response after implantation, which is an 
important step for effective regeneration of damaged bone tissue. The contact of the implant with tissues and biological fluids is accompanied by 
the deposition of blood proteins on its surface, which contributes to the activation of the complement system and initiates blood clotting, leading 
to the formation of a fibrin clot. On the surface of the implant, fibrin ensures the adhesion of stem cells and their maturation into fibroblasts that 
produce collagen and its derivatives. The formed extracellular matrix is the basis for the formation of a tissue structure (callus). To prevent the 
development of postoperative pathological conditions caused by hypercoagulatory syndrome, therapeutic strategies with anticoagulants such as 
heparin are used. However, their use limits the formation of a fibrin clot in vivo, which may slow down the migration of mesenchymal stromal cells 
(MSCs) and the subsequent formation of callus.
Aim. To investigate of the effect of heparin at pharmacological concentrations on stemness and the ability of MSCs from human adipose tissue to 
undergo osteogenic differentiation under conditions of in vitro cultivation.
Materials and methods. To assess the morphofunctional state of cells cultured in the presence of heparin, 2 experimental groups 
were formed: 1) MSCs in the presence of heparin at a therapeutic concentration (1.3 IU/ml); 2) MSCs in the presence of heparin at a toxic 
concentration (13 IU/ml).
Results and discussion. Flow cytometry results showed that the addition of heparin at both concentrations used in the study to MSC culture 
leads to an increase in the number of cells expressing the surface markers CD73 and CD90, indicating the maintenance of their stem state. On 
the other hand, a stimulatory effect of heparin at both concentrations used on the transcription of mRNA of osteogenic genes (BMP2, BMP6, 
ALPL, RUNX2, BGLAP and SMURF1) in MSCs was also observed, which may indicate the osteogenic potential of heparin for the cell culture 
studied.
Conclusion. The results of the study are useful for regenerative medicine related to the use of MSCs in clinical practice; they may serve as a 
prerequisite for the development of new therapeutic strategies for orthopedic and traumatologic patients at high risk of postoperative thrombosis 
after endoprosthetics surgery and osteosynthesis.
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Резюме
Введение. Искусственные материалы, применяемые в регенеративной медицине, при имплантации индуцируют развитие 
сбалансированной воспалительной реакции, что является ключевым этапом для эффективной регенерации поврежденной костной 
ткани. Контакт имплантата с тканями и биологическими жидкостями сопровождается осаждением белков крови на его поверхности, 
что способствует активации системы комплемента и инициирует коагуляционный гемостаз, приводящий к образованию фибринового 
сгустка. На поверхности имплантата фибрин обеспечивает адгезию стволовых клеток, их созревание в фибробласты, продуцирующие 
коллаген и его производные. Образующийся внеклеточный матрикс лежит в основе формирования тканевой структуры (костной мозоли). 
Для предотвращения развития постоперационных патологических состояний, вызванных гиперкоагуляционным синдромом, используют 
терапевтические стратегии с применением антикоагулянтов, таких как гепарин. Однако их использование ограничивает образование 
сгустка фибрина in vivo, что может замедлять миграцию мультипотентных мезенхимальных стромальных клеток (ММСК) и последующее 
формирование костной мозоли. 
Цель. Изучение влияния гепарина в фармакологических концентрациях на «стволовость» и способность ММСК жировой ткани человека к 
остеогенной дифференцировке в условиях культивирования in vitro.
Материалы и методы. Для оценки морфофункционального состояния клеток, культивируемых в присутствии гепарина, было 
сформировано 2 экспериментальные группы: 1) ММСК в присутствии гепарина в терапевтической концентрации (1,3 МЕ/мл); 2) ММСК в 
присутствии гепарина в токсической концентрации (13 МЕ/мл).
Результаты и обсуждение. По результатам проточной цитометрии было выявлено, что добавление гепарина в обеих используемых в 
исследовании концентрациях в культуру ММСК приводит к увеличению числа клеток, экспрессирующих поверхностные маркеры CD73 и 
CD90, что свидетельствует о сохранении их стволового состояния. С другой стороны, выявлено стимулирующее действие гепарина также 
в обеих используемых концентрациях на транскрипцию в ММСК мРНК генов остеодифференцировки (BMP2, BMP6, ALPL, RUNX2, BGLAP и 
SMURF1), что может указывать на остеогенный потенциал гепарина для исследуемой культуры клеток.
Заключение. Результаты исследования полезны для регенеративной медицины, связанной с использованием ММСК в клинической 
практике; могут служить предпосылкой для разработки новых терапевтических стратегий для пациентов ортопедотравматологического 
профиля с высоким риском развития послеоперационных тромбозов после проведения эндопротезирования и остеосинтеза.

Ключевые слова: МСК, гепарин, in vitro, экспрессия генов остеодифференцировки, маркеры стволовости
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INTRODUCTION

Implantable artificial materials and structures used 
in regenerative medicine for osteosynthesis elicit an 
inflammatory response upon contact with body tissue. 
The development of local inflammation is a necessary 

process for effective regeneration of damaged bone 
tissue  [1]. Contact of the implanted material with 
the recipient’s tissues enhances this process and is 
accompanied by the deposition of a layer of proteins on its 
surface that initiate the complement system, components 
of innate immunity, resulting in the activation of blood 
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clotting and the formation of a fibrin clot (hematoma) [2]. 
The protein scaffold is embedded in a negatively charged 
matrix of sulfated glycosaminoglycans (GAGs) such as 
heparan sulfate and others, which interact with platelet-
derived growth factors, vascular endothelial growth 
factor (VEGF) and transforming growth factor-β (TGF-β). 
This reduces the sensitivity of growth factors to enzymatic 
degradation and develops a specific cellular-molecular 
environment that regulates tissue regeneration [3]. The 
bone callus, which forms on the surface of the implant 
and is mainly composed of fibrin, collagen and elastin 
molecules, provides the basis for the formation of the 
tissue structure of the bone regenerate through the 
migration and adhesion of stem cells. The formation 
of a stable connection between the bone tissue of the 
recipient bed and the surface of the implant with its 
further osteointegration occurs [3]. Artificial surfaces 
activate the hemostasis system and hypercoagulation 
processes, creating the risk of thromboembolism of 
the main arteries. To prevent the development of 
postoperative complications caused by hypercoagulable 
syndrome, therapeutic strategies with the use of 
anticoagulant drugs, including anticoagulants (heparin, 
warfarin) are used [1]. It should be noted that the use 
of direct anticoagulants (especially heparin) limits the 
normal formation of a fibrin clot in vivo, which slows the 
migration of mesenchymal stromal cells (MSCs) into the 
structure of the developing callus and also contributes 
to the disruption of the processes of osseointegration of 
implants and osteoreparation. Several research groups 
report that glycosaminoglycans, especially heparin, are 
potent co-stimulants of osteogenic signaling pathways. 
For example, L. Ling et al. (2010) found that heparin 
activates the Wnt signaling pathway through physical 
interaction with the Wnt3a ligand, thereby enhancing the 
differentiation of MSC to osteoblasts [4].

The aim of this study was to investigate the effect 
of heparin at pharmacological concentrations on the 
expression of membrane markers of stemness of MSCs 
in human adipose tissue and their ability to differen-
tiate in the osteogenic direction under in vitro culture 
conditions.

MATERIALS AND METHODS 
MSCs were obtained from human lipoaspirate (app- 

roval no. 7 dated 12.09.2015 from the local ethics com-
mittee of IKBFU Innovation Park) and met the mini-
mum criteria for MSC: cell viability greater than 95 %; 
adhesion to the surface of the culture plastic; expres-
sion of the membrane markers CD105, CD73 and CD90 
in combination with minimal expression (≤2 %) of  
CD45/CD34 on the cell surface; the ability to differentiate 
in three directions (osteogenic, chondrogenic and  
adipogenic) [5]. To assess the morphofunctional state of 
cells cultured in the presence of heparin, 2 experimental 
groups were formed: 1) cultivation of MSC in the presen- 

ce of heparin at a therapeutic concentration (1.3 IU/ml); 
2) cultivation of MSC in the presence of heparin at a toxic 
concentration (13 IU/ml). A model of MSC cultivation 
in a complete culture medium based on DMEM/F12 
served as a control. To assess the response of cells in the 
presence of heparin (Belmedpreparaty, Belarus), MSC  
(1 × 105 cells/ml) were cultured in sterile 12-well apart-
ment-bottomed plastic plates (Orange Scientific, Bel-
gium) in 2 ml of complete culture medium (PPS ) (90 % 
DMEM/F12 (1 : 1) (Gibco Life Technologies, USA), 10 %  
FBS (Sigma Aldrich, USA), 50 mg/l gentamicin (Invitro-
gen, UK), 280 mg/l L-glutamine (Sigma Aldrich, USA) for 
14 days at 37  °C, 100 % humidity, with 5 % CO2 with a 
change of medium every 3–4 days. 130-095-198 (Miltenyi 
Biotec, USA) according to the manufacturer’s protocol,  
after which the cells were analyzed on a MACS Quant 
flow cytometer (Miltenyi Biotec, Germany). The data were 
processed using KALUZA Analysis software (Beckman 
Coulter, USA).

To evaluate the change in mRNA transcription of 
osteodifferentiation genes (BMP2, BMP6, ALPL, RUNX2, 
BGLAP and SMURF1), total RNA was isolated from cells  
using an aqueous solution of phenol and guanidine iso-
thiocyanate (ExtractRNA kit, Evrogen, Russia) accor- 
ding to the manufacturer’s protocol and the reverse 
transcription reaction (MMLV kit, "Evrogen", Russia) was  
performed. Multiplex PCR analysis with specific TaqMan 
probes (Beagle, Russia) was performed to determine 
the relative mRNA expression of the genes. PCR was 
performed using qPCRmixHS reagents (Evrogen, Russia) 
and primers at a concentration of 10 pM. 4  μL of cDNA 
was used as a template, and the RPLPO gene served as 
a reference gene. The relative expression of the mRNA 
genes was determined using the modified Pfaffl formula. 
Statistical processing of the obtained data was performed 
using statistical description methods and statistical 
hypothesis testing methods. The sample was tested for 
normality using the Kolmogorov-Smirnov test. Since 
the data did not follow the law of normal distribution, 
the median (M), 25 % quartile (Q1) and 75 % quartile 
(Q3) were determined for descriptive statistics. To 
evaluate the statistical significance of the differences, the 
nonparametric Wilcoxon T-test was used for dependent 
samples and the Mann – Whitney U-test for independent 
samples. Statistical analysis of the results was performed 
using the software package Graph Pad Prism version 8.0.1 
(Graph Pad Software Inc, San Diego, CA, USA). Differences 
were considered statistically significant at a significance 
level of р < 0.05.

RESULTS AND DISCUSSION

MSC’s stemness markers

According to the results of flow cytometry, in the 
cultures with the addition of heparin at a concentration of 
13 IU/ml, the content of cells carrying the surface marker 
CD90 increased by 9 % compared to the control values 
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(p ≤ 0.05) (Table 1). Moreover, a statistically significant 
increase in the number of CD73+ cells was observed 
after the addition of heparin at concentrations of  
1.3 IU/ml (by 6 %) and 13 IU/ml (by 9 %). In a study by 
H.  Ali et al (2015), an increase in the percentage of cells 
expressing the markers CD90 and CD73 indicated a poor-
ly differentiated state of the cell culture  [6]. In an ex-
periment by Moraes D.A. (2016), a decrease in CD90  
expression was associated with osteogenic and adipo-
genic differentiation of MSCs [7, 8]. CD90 is thought 
to control the differentiation of MSCs by acting as an 
obstacle to adherence during differentiation, thus 
helping to maintain the "stemness" of the cell culture 
under study [7]. However, there are also data suggesting 
that the lack of CD90 on the cell surface is associated 
with a decrease in the expression of proosteogenic 
factors with a concomitant increase in the expression 
of inhibitors of differentiation pathways (e.g. the Wnt 
pathway) [9]. The data obtained in this experiment may 
indicate a possible role of CD90 as a temporal marker 
for the early differentiation of MSC in the osteoblastic 
direction. CD73 has been identified as an underlying 
mechanism for the conversion of adenosine with its 
further effect on reducing the excessive reactivity of 
platelets during the activation of blood coagulation [10]. 
Thus, cells with CD73 on their surface are able to inde-
pendently exert an anticoagulant effect. According to  

the data obtained, heparin at the concentrations studied  
(1.3 IU/ml; 13 IU/ml) contributes to a statistically sig-
nificant increase (compared to the control group; tab- 
le  1) in the number of CD73+ cells in MSC culture. Thus, 
as a direct anticoagulant, heparin molecules are also  
able to exert an indirect anticoagulant effect at the 
cellular level through an increase in the proportion  
of CD73+ MSC cells.

Expression of genes for osteodifferentiation

It was found that the relative mRNA expression of 
BMP2 and RUNX2 genes remained at the level of control 
values when heparin was added to the MSC culture at 
a therapeutic concentration (1.3 IU/ml) (figure 1). At 
the same time, the anticoagulant at a concentration of 
13  IU/ml statistically significantly (3-fold) increased the 
transcription of their mRNA (figure 1).

W. Jang (2011) showed that BMP2 activates 
Smad1/5/8 signaling, thereby regulating the transcrip-
tion of osteogenic genes and initiating the expression of 
RUNX2 gene mRNA [11]. Therefore, the increase in rela-
tive mRNA expression of BMP2 and RUNX2 genes in the 
presence of heparin at a toxic concentration (13 IU/ml)  
may indicate the possible involvement of heparin in the 
early stages of initiation of genes responsible for osteo-
genic differentiation of MSCs in vitro.

Table 1. Expression of surface markers on MSC after 14 days of cultivation with heparin. For each group, the mean characteristics  
of the sample were calculated: the median (M), the first and third quartiles (Q1 and Q3)

Study groups, n=3
Proportion of living 

cells, %
CD90+ CD73+ CD105+

Control group
(MSC w/o heparin)

80,4  
(78,75–84,46)

78,97  
(77,56–81,39)

78,22
(74,03–78,97)

17,93
(13,2–23,72)

MSC + heparin 1,3IU/ml
82,08 

(80,26–82,58)
79,79  

(75,15-85,02)
84,59

(84,24–95,72)*
18,97

(16,36–22,26)

MSC + heparin 13IU/ml
77,57 

(64,31–79,13)
87,91  

(81,57–88,21)*
87,26

(84,6–88,21)*
34,43

(14,14–35,22)

Note. * Statistical differences (p ≤ 0.05) compared to the control group according to the Mann – Whitney U test.

Figure 1. Level of relative expression of mRNA of RUNX2 and BMP2 genes associated with differentiation and maturation of MSC in 
osteogenic direction after 14 days of cultivation. * Significant differences compared to control cell culture (w/o heparin)
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In the experiment, it was found that the addition of 
heparin at a high dose (13 IU/ml) had no effect on the 
level of relative expression of mRNA of the genes BMP6 
and ALPL compared with the values obtained when the 
control group was evaluated (figure 2). No statistical 
differences were found in the level of relative expression 
of mRNA of BMP6 gene when heparin was added at a 
concentration of 1.3 IU/ml (figure 2).

It is known that BMP6, together with BMP2, are  
endogenous regulators of human osteoblast differen- 
tiation and play a key role in skeletal development [12]. 
Although statistical analysis did not reveal significant 
differences compared to control, there is a tendency 
for an increase in BMP6 mRNA transcription (figure 2). 
The authors of numerous studies reported a more sig-
nificant role of BMP6 in the induction of osteoge- 
nic differentiation in vitro compared to the effect of 
BMP2 [13]. Moreover, J. Z. Li et al (2003) demonstrated  
that the induction of alkaline phosphatase by BMP6 
adenoviruses was higher than that by BMP2 adenovi- 
ruses [14].

In turn, heparin at a therapeutic concentration  
(1.3 IU/ml) statistically significantly increased the level 
of relative expression of ALPL gene mRNA compared 
to the values obtained when the control group was 
evaluated. ALPL induction, ALPL mRNA level and alkaline 
phosphatase activity (ALP) are considered reliable 
predictors of MSC differentiation into osteoblasts and the 
ability to form bone tissue [15].

Figure 3 shows that the addition of heparin at a 
high dose (13 IU/ml) resulted in a statistically significant 
increase in the expression of the mRNA of the BGLAP 
gene. BGLAP or osteocalcin is a small conserved 
extracellular matrix protein lacking collagen that is 
expressed during late osteoblast differentiation and is 
abundant in bone tissue. The function of osteocalcin 
is related to bone mineralization and synthesis of 
mineralized extracellular matrix [16]. S. Kannan showed 
that an increase in the expression of the mRNA of the 
BGLAP gene is associated with the readiness of cells for 
osteogenic differentiation, which was further confirmed 
by the early appearance of preosteoblastic cells in this 

Figure 2. Level of relative expression of mRNA of BMP6 and ALPL genes associated with differentiation and maturation of MSC in 
osteogenic direction after 14 days of cultivation. * Significant differences compared to control cell culture (w/o heparin)

Figure 3. Level of relative expression of mRNA of BGLAP and SMURF1 genes associated with differentiation and maturation of MSC in 
osteogenic direction after 14 days of cultivation. * Significant differences compared to control cell culture (w/o heparin)
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study [16]. The level of SMURF1 gene mRNA expres-
sion increased statistically significantly when heparin 
was added to the MSC culture at both therapeutic  
(1.3 IU/ml) and toxic (13 IU/ml) concentrations. It should 
be noted that the expression of SMURF1 gene mRNA was 
higher when heparin was added at a toxic concentration 
(figure 3). In 2003, L. Xing first described the function of 
SMURF1 in RUNX2 degradation and osteoblast function. 
He showed that overexpression of the mRNA of this 
gene induces proteasomal degradation of SMAD1 and 
RUNX2 proteins in osteoblast progenitor cells. Moreover, 
SMURF1 was shown to be the first E3 ligase identified 
in the BMP pathway as a negative regulator of bone 
cell function [17]. We mean here that the increased 
expression of SMURF1 gene mRNA is directly dependent 
on the increased expression of RUNX2 gene mRNA. 
Thus, negative regulation of MSC differentiation towards 
osteoblasts was induced in cells.

Thus, heparin at a therapeutic dose (1.3 IU/ml) sig-
nificantly stimulates the expression of ALPL and SMURF1 
of the MSC osteodifferentiation genes in vitro. In turn,  
the osteomodulatory effect of a high concentration of 
the anticoagulant (13 IU/ml) is evident with respect to 
the expression of BMP2, RUNX2, BGLAP and SMURF1 
genes (figure 1–3). The differential epigenetic effect of 
different doses of anticoagulant molecules remains to be 
deciphered.

CONCLUSION
The addition of heparin to the MSC culture of 

human adipose tissue in vitro leads to an increase in 
the percentage of CD90+ cells (at a concentration of  
13 IU/ml) and CD73+ cells (at concentrations of 1.3 IU/ml 
and 13 IU/ml) after 14 days. These results may indicate 
the stimulatory effect of heparin on the maintenance of 
the stem state of the MSC culture with the readiness of 
the cells to differentiate in the osteoblastic direction. It 
should be noted that heparin can exert an independent 
anticoagulant effect in MSC culture by increasing the 
number of CD73+ cells.

In general, heparin showed a stimulatory effect on 
the expression of mRNA of various osteodifferentiation 
genes at both therapeutic (1.3 IU/ml) and high  
(13 IU/ml) concentrations. At the same time, a dose-
dependent increase in mRNA expression of the SMURF1 
gene was observed at both doses of heparin. This gene 
encodes an E3 ubiquitin-protein ligase that promotes  
the degradation of RUNX2, which may indicate a transi-
tional state of the MSC culture between the stem state 
and readiness for osteogenic differentiation.

The data we obtained argue for the complex rela-
tionships between the coagulation and anticoagulation 
systems in the formation of hematomas and the regula-
tion of the processes of osteodifferentiation of MSC. In 
this regard, the results are interesting for regenerative 
medicine technologies. On the other hand, they should 

be taken into account in postoperative treatment of 
patients with a high risk of postoperative thrombo-
sis in arthroplasty of large joints and osteosynthesis of 
fractures.
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